INTRODUCTION
Th ere are many earthquake catalogs covering California, but none includes everything one would like to have for constructing and testing hypotheses of earthquake occurrence. Perhaps it is most obvious that focal mechanism estimates are needed in many phases of earthquake forecasting and evaluation. Th ey are needed for estimating the stress increments from past earthquakes, for identifying those earthquakes that have been encouraged by known previous earthquakes, and for testing models that forecast focal mechanisms as well as location and magnitude. Focal mechanisms are available for recent, instrumentally recorded earthquakes, but they are not yet uniformly available for all relevant quakes, and there are oft en alternate solutions for recent events. Some focal mechanisms are available for large historic (that is, pre-instrumental) earthquakes, but these estimates are generally scattered through the literature rather than systematically cataloged. Instrumentally determined focal mechanisms are clearly best, but estimated ones can still be useful. Measured focal mechanisms show some degree of regularity that can be exploited to estimate unmeasured ones from nearby measured values.
Some earthquake forecasts explicitly apply to mainshocks as well as aft ershocks, while others, like the source model for the 2002 National Seismic Hazard Map, are meant to apply to mainshocks only. For those reasons it would be convenient to have a catalog in which all known events are included, but which labels aft ershocks in a way that they can be removed or down-weighted as needed.
Earthquake catalog data, like any other results, are subject to errors. Location errors for historic earthquakes and magnitude errors for all events could well aff ect the assessment of an earthquake forecast. Statistical tests can and should account for the uncertainties in catalog data. To date, such tests have not been employed for earthquake forecasts, in part because the uncertainties are poorly understood. It is well known that seismic networks get better and uncertainties decrease as time marches on, and that uncertainties can increase following a large earthquake. However, there has been little serious study of these uncertainties, and the available catalogs of California earthquakes oft en lack quantitative estimates of the magnitude and location uncertainties. Focal mechanisms also have uncertainties, and these need to be accounted for in stress calculations and hypothesis testing.
DATA SELECTION

Point Sources
To make the new catalog we combined several California and global catalogs. Th ese catalogs have diff erent time, space, and magnitude ranges, and diff erent accuracy in important earthquake parameters. Our aim is to create the most accurate possible catalog that is complete for large and moderate earthquakes and has all the necessary earthquake parameters to calculate seismic hazard and stress patterns. Since catalogs have diff erent properties with regard to these requirements, we needed to combine information from various catalogs.
Existing catalogs, especially historical ones, have various magnitude thresholds. Although the thresholds can be quantitatively evaluated for instrumental catalogs (Kagan, 2003) , the values for historical catalogs are more diffi cult to estimate. In Table 1 we propose specifi c magnitude thresholds as well as earthquake location accuracy and magnitude uncertainty. Th e thresholds and location uncertainties for instrumental catalogs have been evaluated by Kagan (2002 Kagan ( , 2003 ; for historic data our estimates are informed guess based partly on Stein and Hanks (1998) and Field et al. (1999) California seismicity analyses. Some early earthquakes, such as the 1857 Fort Tejon, have their location and magnitude known with high accuracy; our estimates of uncertainty assume that other historical events are included on the basis of intensity reports.
Magnitude and focal mechanism uncertainties have so far been largely neglected in existing catalogs. Similarly, catalog completeness, especially in the wake of large earthquakes, has been little studied. Th erefore we investigated these catalog features (see "Error Analysis, " below).
We created a composite catalog by taking the least uncertain data from each of 15 local and worldwide catalogs (Reasenberg and Oppenheimer, 1985; L. Jones, 1993, private communication; Hutton and Jones, 1993; Th io and Kanamori, 1995; R. Harris, 1996, private communication; Zhu and Helmberger, 1996; Pasyanos et al., 1996; Sykes, 1997a, 1997b; Song and Helmberger, 1997; Hauksson, 2000; Toppozada et al., 2000; Sipkin et al., 2002; Toppozada et al., 2002; Ekström et al., 2005 , and references therein). Th ese catalogs and some of their properties are shown in Table 2 .
We include all known M4.7 and larger events aft er 1800 with epicenters or evidence of rupture in the big box (four points): 32°N, 122°W; 37°N, 122°W; 37°N, 114°W; 32°N, 114°W.
We indicate which events are inside the small polygon box (six 
where the SCSN (CalTech) catalog is more accurate and complete. Th e reason we use the M4.7 threshold is that we would like to include in the catalog all M5 earthquakes, i.e., earthquakes that potentially cause damage. Because the magnitude error in instrumental catalogs is about 0.3 (see Table 1 and Kagan, 2002 Kagan, , 2003 ) the M4.7 threshold ensures that at least the majority of M ≥ 5 earthquakes will be included in the catalog. Th e point catalog is displayed in Figure 1 and a more complete discussion is in "Catalog: Point Sources, " below. Th e catalog list as well as its brief description are archived in the Database of the Southern California Earthquake Center (SCEC).
Extended Sources
Our motivation to create the new catalog is to facilitate earthquake forecasts for southern California and their testing (Kagan et al., , 2005b , investigations of crustal motion in southern California Hager, 2005a, 2005b) , and seismicity patterns (Selva and Marzocchi, 2005) . Th e traditional use of hypocenter coordinates to describe the location of a quake is unsatisfying for large earthquakes, whose rupture dimensions can exceed the grid spacing of a forecast model. Some forecast models predict rupture on fault segments or surfaces, rather 
han hypocenters, but these data are not routinely reported in standard format, so testing these forecasts is problematical. Moreover, in stress calculations (Kagan et al., 2005a) we need to know the extent and details of earthquake rupture. Th erefore, we need to create a catalog in which the rupture extent of large earthquakes is appropriately represented.
As the initial dataset in our catalog of extended sources we used our point catalog (see "Point Sources, " above). We added (1) the focal mechanism solutions and spatially distributed seismic moment from other available publications (Båth and Richter, 1958; Hileman et al., 1973; Stein and Th atcher, 1981; Heaton, 1982; Wesnousky, 1986; Toppozada et al., 1986; Fehler and Johnson, 1989; Hill et al., 1990; Helmberger et al., 1992; Stein and Ekström, 1992; Tuttle and Sykes, 1992; Dengler and McPherson, 1993; Hutton and Jones, 1993; Arnadottir and Segall, 1994; Jaumé and Sykes, 1996; Pasyanos et al., 1996; Deng and Sykes, 1997a; 1997b; Th atcher et al., 1997; Gross and Bürgmann, 1998; Jones and Helmberger, 1998; Toppozada and Borchardt, 1998; Toppozada et al., 2000; Hauksson et al., 2004) , and (2) distributed moment tensors inferred from the fault trace information ( Jennings, 1985 ( Jennings, , 1992 and slip distribution (Bateman, 1961; Sieh, 1978) for the largest historical earthquakes in the 19th century.
We included in the catalog all known earthquakes with M ≥ 5.0 and represented any earthquake with M ≥ 6.5 as an ensemble of rectangular dislocations. We also added information on the rupture pattern of the southern part of the 1906 earthquake (from Th atcher et al. (1997) ) and the 1812 earthquake (from Deng and Sykes (1997a) ) to create a catalog starting from 1800. We included earthquakes of 6.0 ≥ M ≥ 5.0 in the last 65 years from Deng and Sykes (1997b) as well as from other sources (Stein and Hanks, 1998) . Th is dataset is called the extended catalog below. Th e catalog is available online; the URL is http://moho.ess.ucla.edu/~kagan/cal_fps2e.dat. 2) is shown. Earthquake distribution is considered to be reasonably homogeneous and complete in this box for the CalTech catalog (L. M. Jones, private communication, 2002) .
▲
CHALLENGES Error Analysis
We analyzed several California earthquake catalogs compiled since the 1970s to determine the accuracy of their magnitudes and focal mechanisms. Th e catalogs are (1) Caltech hypocenters (Hutton and Jones, 1993) , (2) Harvard CMT (Ekström et al., 2005) , (3) USGS moment tensors (Sipkin et al., 2002) , (4) northern California HYPO71 focal mechanisms (Reasenberg and Oppenheimer, 1985) , (5) southern California HYPO71 focal mechanisms (Hauksson, 2000) , (6) UC Berkeley regional moment tensors (Pasyanos et al., 1996) , and (7) Caltech regional moment tensors (Zhu and Helmberger, 1996; Song and Helmberger, 1997) .
We investigated magnitude diff erences and focal mechanism discrepancies for earthquakes with magnitude 4.7 and higher. Focal mechanism discrepancy is the smallest 3-D rotation angle (Kagan, 1992) needed to transform one double-couple mechanism into another. From pairwise catalog diff erences we estimated the standard deviations of magnitudes and focal mechanism uncertainties for the last six catalogs in the list, respectively (see Tables 1 and 2 in Kagan, 2002) . We note that the focal mechanism uncertainty for the HYPO71 solutions (based on fi rst motions) is high, comparable to the average angle of 75.2 ± 20.8 degrees obtained for the random rotation of a double-couple source (Kagan, 1992) . Kagan (2002 Kagan ( , 2003 Kagan ( , 2004 ) discusses the problem of earthquake parameter accuracy and catalog completeness for both southern California (2002 California ( , 2004 and for global catalogs.
Focal Mechanism Determination and Resolving Ambiguity of Focal Planes
For many earthquakes, especially historical ones in the 19th century and fi rst half of the 20th century, there is no information in catalogs on earthquake focal mechanism. Only recently has such information become available for moderate earthquakes. In both our catalogs we supply focal mechanism solutions if they are available, or our own estimates if not, indicating which method was used.
In almost all cases, those quakes with known solutions are large events (M ≥ 6.5) for which either their fault traces are known, or the fault plane is delineated by its aft ershock pattern and surface deformation measurements. For many moderate (6.0 ≥ M ≥ 5.0) earthquakes, especially in the early part of the catalog, the focal mechanisms are unknown; we estimated their mechanisms using a weighted average from the nearby earthquakes with known focal mechanisms. Th e weighting algorithm is similar to that used in smoothing seismicity in longterm forecasts of seismic hazard (Kagan and Jackson, 1994) , i.e., the smoothing kernel is reciprocal of a distance within 200 km. Hence, by comparing focal mechanism solutions to rupture patterns of large earthquakes, for practically all moderate and small earthquakes we could estimate the fault plane and resolve the fault plane ambiguity.
Practically, we fi rst calculate the average focal mechanism using weighted average seismic moment around any point on the grid for all cell points (0.033° latitude by 0.04° longitude). We calculate eigenvectors of the moment tensor, and by neglecting the smallest (in absolute value) eigenvalue we obtain the double-couple solution for each cell point. Th e double-couple mechanism is then converted to the quaternion as described by Kagan (1992) and for each earthquake without the published solution we selected a point closest to its epicenter and assigned the appropriate quaternion value.
We did not try to estimate the reliability of the assigned focal mechanisms. Certainly it is much lower than those with known rupture planes or instrumental solutions. However, we decided to include such solutions in our catalog; the focal mechanism code in the catalog ("FC" in Table 3 ) indicates clearly the origin of each focal mechanism; hence the user can easily exclude unnecessary solutions.
To select the fault plane, we calculate the correlation coeffi cient of both planes to the known fault planes of large earthquakes and select the plane with a higher correlation. If the distance r i from the earthquake to a particular ith solution of extended earthquake source with the azimuth of a fault-plane φ i is less than 7.5 km we calculate . If ρ j are equal, then the weights are taken to be 50%. In the interest of catalog completeness we decided to include the fault plane weight information for all earthquakes, although it is clear that for some early events whose location is very uncertain, the assigned focal mechanism and consequently its fault plane estimate may be only slightly better than a random guess. However, once again the user has a choice to disregard the proposed solution or evaluate a focal mechanism and resolve its ambiguity by some other method.
Determination of Aftershock Probability
In this work we use the stochastic declustering method (Kagan and Jackson, 1991) ; in this procedure each earthquake is assigned a weight equal to the probability of the event's independence. Th us an aft ershock soon aft er another event would FAULT PLANE-strike1, dip1, rake1 AUXIL. PLANE-auxiliary plane strike2, dip2, rake2 NW-fault plane normalized weight FC-focal mechanism code IND-mainshock probability GC-geographic code CC-comment code See discussion of "NW-fault plane weight" and "FC-focal mechanism code" in the text.
have independence near zero, whereas a mainshock would have independence close or equal to 100%. Th e independence is evaluated by a likelihood analysis of the earthquake catalog (Kagan and Jackson, 2000) . Unfortunately, the California catalog is too small for that purpose. Th e magnitude threshold changed over time (see Table 1 ), making these calculations even more diffi cult. Th erefore, we used in our probability assignment the values of parameters obtained for the global CMT catalog (Kagan and Jackson, 2000) . In some obvious cases the probability was assigned by inspection.
CATALOGS Point Sources
Catalog Fields Th e catalog fi le contains the following fi elds in this order (see also Table 3 ): Year, month, day, hour, minute, latitude, longitude, location code, location uncertainty (km), location uncertainty code, depth, moment magnitude, magnitude code, uncertainty of magnitude, magnitude uncertainty code, strike 1 , dip 1 , rake 1 , strike 2 , dip 2 , rake 2 , fault plane normalized weight, focal mechanism code, mainshock probability, geographic code, and comment code. All data are numerical, with properties as follows:
Year, month, hour, and minute as integers; Latitude and longitude in decimal degrees, with 3 decimal places; Location code indicating the catalog used to determine location; see the catalog list (Table 2) ; Location uncertainty (km); Location uncertainty code: 1-from Table 1 , 2-for formula derived from inter-comparisons, and 3-for individual estimate specifi c to given quake; Depth in km. Generic depth of 9.9 is used for all events before 1933; Magnitude code pointing to catalog from which magnitude was determined. See catalog list below (Table 2) ; Magnitude uncertainty code: same as the location uncertainty code above; Strike 1 , dip 1 , and rake 1 of nodal plane presumably corresponding to the fault plane; Strike 2 , dip 2 , and rake 2 of the presumed auxiliary plane; Fault plane weight corresponding to our assessment (see Equations 3-5) that plane 1 is actually the fault plane (rather than auxiliary plane); it should be over 50%, or planes 1 and 2 are reversed; Focal mechanism code referring to catalog from which focal mechanism is taken. Code 0 means that focal mechanism was estimated using a weighted average of those from nearby earthquakes with known focal mechanisms (see 
Regions of Consideration
We list all known events above magnitude 4.7 that have epicenter or evidence of rupture in the big box (Equation 1). We indicate which events are inside the small box (Equation 2), where the SCSN (CalTech) catalog is more complete and reports more reliable locations and magnitudes. Th e total number of events in the catalog is 664. Th e point sources catalog also is available online; the URL is http://moho.ess.ucla.edu/~kagan/s_cal.dat.
Extended Sources
In Figure 2 the extended sources are thinned out for clarity; otherwise the picture would be overloaded. In the full dataset (the extended catalog-http://moho.ess.ucla.edu/~kagan/cal_fps2e. dat) there are 819 "sources, " including point sources for smaller earthquakes and subdivision of M ≥ 6.5 earthquakes. For the "thinned" catalog (http://moho.ess.ucla.edu/~kagan/cal_fps3b. dat) only 446 double-couples are displayed in the diagram. Figure 2 shows that earthquakes are not concentrated on a few faults and the mechanisms of neighboring events may have diff erent orientations. Even near major faults, some focal mechanisms signifi cantly disagree with fault surface traces. Th is mismatch confi rms the idea that major faults do not fully represent the deformation pattern, even in a region with relatively simple and well-studied tectonics. However, as the results of focal mechanism correlations (Kagan, 1992 (Kagan, , 2000 indicate, double-couple earthquake mechanisms are signifi cantly more aligned at close than at large distances. Th is correlation enables us to infer focal mechanism of an earthquake using solutions of nearby events as described in "Focal Mechanism Determination and Resolving Ambiguity of Focal Planes, " above. Kagan et al. (2005a) use this catalog to investigate the correlation of stress with earthquake focal mechanisms; their Figure 1 , which is similar to our Figure 2 , displays the consistency of the focal mechanisms with the tectonic and coseismic static stress.
DISCUSSION
Our catalog covers the past, 1800 to 2005. It is thus useful for constructing earthquake forecast hypotheses (Kagan et al., 2005b) and for retrospective testing, but it is not useful for prospective tests of new hypotheses. We suggest, however, that those who produce earthquake bulletins might also provide some of the additional data that we've provided here for past earthquakes. If so, then tests of hypotheses such as those encouraged by the Regional Earthquake Likelihood Models (RELM) project might incorporate data uncertainties in the Magnitude accuracy aff ects the completeness of any catalog. Whenever a magnitude threshold is applied, some events truly above that threshold will be excluded because of errors in estimating their magnitude. Similarly, some events below the threshold will appear to qualify. Th us the locations of high and low seismicity areas may be aff ected by magnitude errors, well beyond the location errors of individual events.
Small events are more numerous, per unit magnitude, than larger ones. Th e eff ect of magnitude errors causes a bias in estimated seismicity, because there are more events to move up into a given magnitude range than there are larger ones to move down. Studies of the Gutenberg-Richter magnitude distribution have shown that magnitude errors increase the apparent "a-value" (Tinti and Mulargia, 1985) . When the uncertainties can be quantifi ed, then likelihood and other tests can "see through" the seismicity bias to give unbiased results. When the uncertainties are ignored, the bias is passed through to the seismicity estimate.
Studying errors in catalog data lacks some of the excitement that comes with new discoveries. In fact, when errors are larger than expected, previous discoveries might be questioned. Th ese and other pressures might conceivably discourage studying All events with magnitude m ≥ 6.5 are replaced by extended sources, containing several smaller rectangular dislocation patches matching total earthquake moment. For this picture the extended sources are thinned out; otherwise the picture is overloaded. Symbol size is proportional to earthquake magnitude. Since earthquake magnitude fl uctuates in the diagram from 5.0 to 6.4, the symbol sizes are not very different. More densely striped beach balls correspond to point sources, less densely striped symbols are used for assembled extended sources. Stripes in beach balls are concentrated toward the assumed earthquake fault-plane. ▲ and reporting catalog errors. However, as earthquake scientists move into serious testing of hypotheses, quantitative studies of uncertainties are essential. Furthermore, uncertainty investigations can lead to more precise data, which may reveal even more exciting discoveries.
CONCLUSIONS
We created a new catalog of earthquakes M ≥ 4.7 for southern California using historical and instrumental catalogs. We did this in part to provide a resource for constructing and retrospectively testing earthquake forecast models in the RELM project of the Southern California Earthquake Center (SCEC). We assessed the accuracy of location, magnitude, and focal mechanism by comparing several modern earthquake catalogs (see http://scec.ess.ucla.edu/~ykagan/RELM_index.html). For older events the focal mechanisms are obtained either from the fault rupture pattern for historical earthquakes, or through solution search for the early instrumental era, or by interpolating neighboring known solutions. For each event we estimate the fault and auxiliary planes, with a weight of correct assignment. Th e new catalog has two parts: a point-source catalog describing the hypocentral coordinates and average moment tensor of each event, and an "extended source" catalog that represents large events (M ≥ 6.5) using multiple dislocations. Th e new catalog should allow us more insight in stress-triggering investigations and calculations of earthquake hazard.
